Summary: Adoptive T-cell therapy (ACT) is a potent and flexible cancer treatment modality that can induce complete, durable regression of certain human malignancies. Long-term follow-up of patients receiving tumor-infiltrating lymphocytes (TILs) for metastatic melanoma reveals a substantial subset that experienced complete, lasting tumor regression -and may be cured. Increasing evidence points to mutated gene products as the primary immunological targets of TILs from melanomas. Recent technological advances permit rapid identification of the neoepitopes resulting from these somatic gene mutations and of T cells with reactivity against these targets. Isolation and adoptive transfer of these T cells may improve TIL therapy for melanoma and permit its broader application to non-melanoma tumors. Extension of ACT to other malignancies may also be possible through antigen receptor gene engineering. Tumor regression has been observed following transfer of T cells engineered to express chimeric antigen receptors against CD19 in B-cell malignancies or a T-cell receptor against NY-ESO-1 in synovial cell sarcoma and melanoma. Herein, we review recent clinical trials of TILs and antigen receptor gene therapy for advanced cancers. We discuss lessons from this experience and consider how they might be applied to realize the full curative potential of ACT.
Introduction
The highest goal of cancer therapy is to cure the patient, but decades of failure to reach this goal have contributed to a relatively low bar for therapeutic success in metastatic solid tumors. The primary treatment modality for metastatic cancer continues to be cytotoxic chemotherapy. Curative regimens for advanced stage germ cell tumors and chorio carcinoma were discovered more than 30 years ago. Countless efforts with systemic drug regimens have failed to achieve the same result in any other solid tumor. Newer biologic agents and molecularly targeted drugs have shown activity in cancers refractory to traditional chemotherapeutics, but they too do not appear to be curative and indeed are often minimally effective (1, 2) . One emerging cancer treatment platform, however, has demonstrated curative potential and may have the capacity for broad application: adoptive cell therapy (ACT). ACT, infusion of autologous tumor-specific T cells, harnesses the natural ability of T cells to specifically recognize and eliminate widespread target cells and directs it to the treatment of advanced-stage cancers.
The potential to cure metastatic solid tumors by manipulating T-cell responses was established in humans by interleukin-2 (IL-2) treatment for metastatic melanoma and renal cell carcinoma (1, (3) (4) (5) (6) . Response rates to high-dose bolus IL-2 are a modest 13-17%; however, 4-9% of patients experience complete tumor regression, and these complete responses are generally durable (1, (3) (4) (5) (6) . In a study at the National Cancer Institute -Surgery Branch, 24 of 33 complete responses to high-dose IL-2 were ongoing with up to 25 years of follow-up (1, 4, 5) . Building on this success, ACT with tumor-infiltrating lymphocytes (TILs), T cells grown from resected metastatic tumor deposits, has resulted in high response rates and reproducible complete and durable responses in metastatic melanoma. In a pooled analysis of recent protocols, overall response rates and complete response rates for metastatic melanoma were around 50% and 20% respectively (7) . Ninety-five percent of complete responses are ongoing, all with at least 5 years of follow-up (Table 1) (7). Although the term 'cure' must be used cautiously, a subset of patients receiving a single infusion of T cells indeed appear be cured by this approach.
The complete and durable responses to TIL therapy have established the principle that infusion of tumor-specific T cells can eradicate advanced cancer in humans. However, application of TIL therapy has been limited to melanoma. Ongoing efforts are focused not only on improving TIL therapy but also on extending TIL and other cellular therapies to diverse malignancies ( Table 2) . One promising strategy to expand the range of ACT is to administer T cells that have been genetically engineered to express tumor-specific antigen receptors. These receptors can be chimeric antigen receptors (CARs), which are antibody single-chain variable fragments joined with T-cell receptor (TCR) and T-cell costimulatory receptor signaling domains, which recognize cell-surface antigens in a non-major histocompatibility (MHC)-restricted manner; or they can be traditional ab TCRs, which recognize epitopes of intracellular antigens presented by MHC molecules. Clinical responses following administration of genetically engineered cells have been observed in B-cell malignancies, melanoma, and synovial sarcoma, and trials in other types of cancer are ongoing.
In this review, we examine recent and ongoing clinical trials of TIL therapy for melanoma and other malignancies, and we look at how the lessons from these trials are shaping the next generation of cellular therapies. We discuss recent advances as well as ongoing challenges encountered with the use of genetically engineered T cells for the treatment of a variety of advanced-stage malignancies. Finally, we look at how lessons from antigen receptor gene therapy clinical trials and our increasing understanding of T-cell biology can promote continued progress in the field.
Adoptive T-cell therapy using tumor-infiltrating lymphocytes
Complete and durable response to TIL therapy TIL therapy can induce long-lasting, complete regression of metastatic melanoma. A series of recent clinical trials in which TILs were administered following three different lympho conditioning regimens resulted in objective clinical responses in 52/93 patients (56%) and complete responses in 20/93 patients (22%) (7) . Of the complete responses, 19/20 (95%) were durable, i.e. ongoing after 64-109 months of follow-up (7) ( Table 1) . Other centers, too, have reported high response rates and long-lasting tumor regression following a single infusion of TILs for melanoma. Radvanyi et al. (8) reported the MD Anderson Cancer Center experience with overall responses in 13/31 patients (42%). Two patients had complete responses, both ongoing at more than a year after treatment. Itzhaki et al. (9) described a clinical trial conducted in Israel with tumor responses in 15/31 patients (48%), four of which were complete, and all of which were ongoing at 1 to 4 years of follow-up. Using low-dose IL-2 as an adjuvant after cell infusion, a group in Denmark reported complete responses in 2/6 patients, both ongoing (10) . Thus, TIL therapy can induce complete and durable responses in metastatic melanoma, a finding that has been reproduced by at least four treatment centers in three countries. The challenge now is to improve TIL treatments for melanoma and to test if this platform can be extended to other types of cancer.
Improving and extending TIL therapy

Depleting negative regulatory cells
Strategies for improving TIL therapy have been suggested by mouse models, studies of human tissues, and testing in clinical trials. One focus of these studies has been immunosuppressive cells in the tumor microenvironment, which might be ablated or reprogrammed to improved ACT. These populations include the phenotypically heterogeneous myeloid-derived suppressor cells, which can acquire potent immunosuppressive traits in murine tumor models (11) (12) (13) . Interestingly, myeloid cell subsets from human melanomas occur at the same frequency and possess the same phenotypes as those from peripheral blood; however, myeloid cells from peripheral blood but not tumor suppress T-cell proliferation, suggesting a role for circulating rather than tumor-resident myeloid cells in inhibiting T-cell responses (14) . (17) . In the clinical trial of standard versus CD8-enriched TILs, response rates in both groups were lower than historical comparisons, possibly because TILs were generated from whole-tumor digests rather than multiple individually cultured tumor fragments. Outgrowth of TILs from fragments rather than digests is theoretically advantageous, because the individual cultures can be tested for autologous tumor recognition and only the most reactive cultures can be selected for administration (18) . Taken together, these data suggest that Treg cells may be important in TIL therapy but that Treg cells from the reconstituting host rather than from the infused cell product may suppress anti-tumor responses.
Increased intensity conditioning regimens
Increased intensity conditioning regimens appear to impart a longer lasting depletion of Treg cells, but it may have other benefits as well. In mice, conditioning not only reduces Treg cells but also increases levels of the homeostatic cytokines IL-7 and IL-15 (19, 20) . This elevation of IL-7 and IL-15 was also observed following administration of three different conditioning regimens to patients receiving TIL therapy and was greater in patients receiving chemotherapy combined with 12 Gy TBI than in those receiving chemotherapy without TBI (21) . In mice, escalation from non-myleoablative to myeloablative (with autologous hematopoietic stem cell rescue) conditioning improves the efficacy of transferred anti-tumor CD8 + T cells, through a HSC-mediated mechanism (19) . Furthermore, in mice, increased doses of pretreatment TBI correlate with enhanced tumor regression (22) . Studies in humans receiving TIL therapy for metastatic melanoma also suggest a benefit to increased intensity lympho conditioning. In three sequential non-randomized trials, the overall response rates for patients pretreated with chemotherapy, chemotherapy plus 2 Gy TBI, or chemotherapy plus 12 Gy TBI were 49%, 52%, and 72% respectively (7). Complete response rates for the same regimens were 12%, 20%, and 40% respectively. Thus, more intensive preparative regimens may enhance tumor responses, but patient numbers were small in these non-randomized trials. A randomized trial to test this hypothesis is presently accruing at the Surgery Branch, National Cancer Institute (NCI).
Harnessing innate immunity
One of the manifold mechanisms by which lympho conditioning enhances ACT may be through activation of innate immune cells. Studies in mice indicate that TBI induces microbial translocation from the gut triggering, through lipopolysaccharide ligation of Toll-like receptor 4, dendritic cell activation, and dendritic cell-mediated stimulation of adoptively transferred anti-tumor CD8 + T cells (23 (25) . In humans, systemic administration of IL-12 can cause severe toxicity, so strategies for direct delivery of the cytokine in the tumor environment are crucial (24, 26) .
One strategy is to transduce tumor-specific T cells with a vector encoding nuclear factor of activated T cells-inducible single chain IL-12. This vector design links IL-12 transcription to TCR signaling (27) . A phase II clinical trial testing this strategy with small numbers of adoptively transferred, IL-12-transduced TILs (without IL-2 administration) is presently active in the Surgery Branch, NCI. Another approach to harnessing the ability of APCs to enhance anti-tumor T-cell responses is to combine TIL therapy with small molecule anti-cancer agents that induce tumor cell death. The rationale for this strategy is that tumor antigens from dying malignant cells might be taken up by APCs in the tumor and tumor-draining lymph nodes, and processed and presented to adoptively transferred TILs, thereby increasing the activation and anti-tumor activity of these cells. A conspicuous candidate for combination therapy is vemurafenib, a small molecule with high activity in melanomas harboring BRAF V600E mutations (28) (29) (30) . Vemurafenib has been reported to increase expression of melanocyte differentiation antigens by melanomas thereby increasing T-cell recognition of these antigens (31) . In metastatic melanoma, it has high response rates (about 50%) but modest progression-free survival benefit (median of 3.7 months compared with dacarbazine), and complete responses are rare (1-6%) (28, 29) . The combination of vemurafenib with TILs might increase the frequency of complete tumor responses and lead to more durable disease regression.
Predictive biomarkers
Another tactic for improving TIL therapy is to identify biological correlates of responses, either TILs or tumor characteristics, that might be used not only to select the most efficacious cells for administration but also to identify the patients most likely to respond to treatment (and spare those least likely to respond the risks of cell administration). However, identification of predictive biomarkers has been challenging and confounded by difficulty identifying both the true tumor regression antigens and the T cells against these antigens. Initial indications of which traits distinguish effective from ineffective cells have come from mouse models of ACT. In these models there is a perhaps counterintuitive inverse relationship between T-cell acquisition of effector function in vitro and ability to mediate tumor regression in vivo (32) . The loss of anti-tumor efficacy that is coupled to differentiation into a more effector-like cell is linked to diminished proliferative potential, and measures of proliferative potential have been applied to human cells in an effort to identify correlates of clinical response to TILs. The capacity of T cells to replicate is governed, in part, by the length of their telomeres. Telomeres are specialized DNA-protein structures at the ends of chromosomes that undergo progressive shortening with cell division. Telomere length of TILs correlates positively with clinical response to TIL therapy (21, 33) . Another marker of T-cell differentiation state, CD27, has also been examined in studies of TIL therapy. CD27 is expressed by naive and memory T cells but downregulated in late stage effector T cells (34) (35) (36) (37) . Higher numbers of infused CD8 + CD27 + T cells are positively associated with clinical response to treatment with TILs (38) . These observations point to proliferative potential as a determinant of effective ACT in humans; however, there is considerable overlap in both telomere length and CD27 expression among responding and non-responding patients, which precludes use of these markers to select or exclude patients from treatment.
Tumor regression antigens in melanoma
Study of T-cell traits that predict response to therapy is complicated by the challenge of identifying from heterogeneous, polyclonal TIL cultures the T cells that have specificity for tumor antigens and determining which of these cells are responsible for tumor regression. Recent observations have shed light on the tumor antigens recognized by TILs and the likely specificities of the T cells mediating tumor destruction. Early studies identified melanoma TILs and other T cells with reactivity against the shared tumor/self-melanocyte differentiation antigens (MDAs) (e.g. gp100, melanoma antigen recognized by T cells 1 (MART1), tyrosinase, tyrosinase-related protein 1 (TYRP1), and TYRP2) (39) (40) (41) (42) . MDAs are expressed by normal melanocytes in tissues such as skin and retina as well as by melanomas. TIL therapy rarely induces autoimmune toxicities against these normal tissues (e.g. vitiligo or vision loss) even in patients who experience profound tumor regression, and the frequency of MDA-specific T cells in bulk TIL populations is generally low (21, 43) . Conversely, TCR gene therapies that specifically and potently target MDAs consistently induce autoimmune adverse events and rarely mediate tumor regression (as discussed below) (44) . Thus, T cells recognizing MDAs appear not to account for the major anti-tumor effects of TILs.
Rather, increasing evidence suggests that mutated gene products are the main targets of tumor-specific melanoma TILs and the primary cancer regression antigens in melanoma. Melanomas are characterized by high numbers of mutational events (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) . These mutations result in neoepitopes that can be recognized by TILs, and T cells with specificity for these neoepitopes can constitute the dominant tumor-reactive populations in TILs (55, 56) . T-cell affinity for mutated epitopes is not limited by thymic negative selection as it is for self-antigens such as MDAs; TIL clones against mutated gene products routinely display high target antigen avidity and robust recognition of autologous tumor lines (55, 56) . Although TILs can be raised from many cancers, only those from melanomas consistently possess specific reactivity against the tumors from which they were generated, and melanoma is the only cancer for which TIL have shown clinical activity (57, 58) . It seems likely, therefore, that the immunogenicity of melanoma is linked to the high frequency of mutational events in this cancer and that T cells specific for mutated gene products are responsible for tumor regression in patients receiving TIL therapy.
Targeting of the mutational epitopes of melanoma with antigen receptor gene therapy is difficult because the mutations, while frequent, generally are rarely shared between (an exception is the Braf V600E mutation shared by about half of melanomas). It may be possible to target mutated antigens by selecting T cells against them from TILs or peripheral blood (59) . Isolation of T cells against mutated epitopes might be accomplished on a patient-to-patient basis (Fig. 1) . With increasingly reliable and inexpensive DNA sequencing technology, the expressed genes of a tumor might be sequenced to identify mutations. Mutated epitopes
could be predicted using protein processing and MHC-binding prediction algorithms. Predicted peptides could then be used to identify T cells from TILs or possibly peripheral blood, a technique that has been employed successfully to identify the targets of tumor-reactive TILs from bulk populations (56) . Isolation of the T cells might be accomplished with cell sorting based on binding to labeled MHC-peptide complexes or by stimulation with peptides followed by selection based on T-cell activation markers [i.e. 4-1BB, CD40L, programmed death-1 (PD-1)] (60-63). Alternatively, tumor-reactive T cells might be isolated directly from tumor digests using markers of T-cell activation, a strategy that would shorten the time required to produce TIL cell products and that might enable extension of this approach to other types of cancers that have rare but avid tumor-specific populations in their TILs. Finally, as single cell polymerase chain reaction (PCR) technology and gene transfer systems evolve, it may be possible to isolate individual tumor-reactive cells, sequence their TCRs, construct DNA vectors for gene transfer, and generate TCR-genetically engineered T cells on a patient-to-patient basis.
Extension of TILs to non-melanoma cancers
For some epithelial malignancies, tumor infiltration by CD8 + T cells has been linked to improved clinical outcomes suggesting a potential therapeutic role for T cells (64, 65) . TILs can be grown from various cancers, but, with the exception of melanoma, they rarely demonstrate specific cytolysis of the tumors from which they were generated. In one study, TILs from 43/115 melanomas displayed preferential killing of autologous tumor targets over other cell lines and tumor digests (57) . In the same study, TILs from only 2/12 kidney cancers, 0/10 breast cancers, and 0/10 colon cancers displayed specificity for autologous tumor. However, using more sensitive techniques based on upregulation of costimulatory molecules by reactive T cells, rare populations of TILs with tumor specificity have been identified in metastatic gastrointestinal tract adenocarcinomas (66) . Study of these cells might provide insight into new tumor antigens, and it may be possible to isolate these low-frequency T-cell populations for therapeutic use through cell sorting techniques.
Testing of TIL therapy has been limited to few types of cancer other than melanoma (57) . Other cancers might be rational targets for TIL therapy because of their expression of potentially immunogenic mutational epitopes or even foreign proteins. Lung carcinomas, specifically those in smokers, demonstrate a high frequency of somatic mutations (67) . Furthermore, the sensitivity of these malignancies to treatment with T-cell checkpoint blockade using anti-PD-1 monoclonal antibodies suggests that patients with these cancers harbor anti-tumor T cells that could potentially be isolated and used in adoptive immunotherapy (68) . Head and neck cancer also is tobacco related, and it too displays frequent somatic mutations (69, 70) . T-cell infiltration of these tumors is associated with improved clinical outcomes, suggesting that T cells may have a therapeutic role (71, 72) . Head and neck cancers are also attractive targets for TIL therapy due to the association of oropharyngeal tumors with human papillomavirus (HPV) infection. In HPV-associated tumors, malignant transformation is driven by the actions of the high-risk HPV E6 and E7 oncoproteins, viral antigens that are constitutively expressed by malignant cells and contribute to their growth and survival, and that therefore are attractive therapeutic targets (73) . Although TIL responses against E6 and E7 have not been carefully studied in oropharyngeal cancers, they are common in cervical cancers (which are necessarily associated with high-risk HPV), indicating that these tumor antigens can be the targets of naturally occurring T cells (74, 75) . As with head and neck cancers, cervical cancer prognosis is linked to tumor infiltration by T cells intimating a role for T cells in anti-tumor immunity against HPV-positive cancers (76, 77) . In addition to oropharygneal and cervical cancers, malignancies of the anus, vulva, vagina, and penis are associated with HPV and therefore might be reasonable candidates for TIL therapy. Study of TILs for HPVpositive cancers has the advantage that the tumor antigens E6 and E7 are shared between patients facilitating identification of tumor-specific T cells from TILs and hence studies aiming to relate the characteristics of TILs to clinical outcomes (i.e. predictive biomarkers). Furthermore, it may be possible to isolate HPV-specific T cells from TILs (or even peripheral blood) and adoptively transfer these cells for cancer treatment. A clinical protocol testing TIL therapy for metastatic HPV-positive cancers from all sites is presently accruing in the Surgery Branch, NCI.
Another family of virally associated cancers that might be targeted with TILs or other cellular therapies are induced by Epstein-Barr virus (EBV). EBV-related cancers include most Burkitt's lymphoma, undifferentiated nasopharyngeal carcinoma (NPC), and lymphoproliferative disorders (LPD), and some Hodgkin's disease (HD), non-Hodgkin's lymphoma, gastrointestinal lymphoma, and gastric carcinoma (78) (79) (80) . EBV expresses latency genes in transformed cells, and these viral proteins can be targeted by T cells (81) . The potential for this strategy to succeed has been demonstrated most clearly in EBV-related LPD in transplant recipients. Heslop et al. (82) reported the long-term outcomes from 114 patients at three different centers administered EBV-specific T cells for the prevention or treatment of EBV-positive LPD following hematopoietic stem cell transplant (HSCT). The infused EBV-specific T cells were generated by in vitro stimulation of donor lymphocytes with EBV-lymphoblastoid cells and culture with interleukin-2. With median follow-up of 10 years, LPD developed in 0/101 patients treated prophylactically, and remission occurred in 11/13 patients treated for active disease. A similar strategy has been employed successfully in a multicenter study mostly of solid organ transplant recipients with LPD (83) . Partially MHC-matched donor lymphocytes were used because donor blood was not available. Complete remission occurred in 14/33 patients; an additional three patients showed partial responses (overall response rate of 52% at 6 months). EBV-specific T cells have also demonstrated, in small studies, modest activity against NPC. In one study, partial responses occurred in 2/10 patients with stage IV NPC (84) . In another study of stage III and stage IV NPC, 7/15 patients experienced objective responses, five of which were complete (although in two active disease was unconfirmed) (85) . Finally, a clinical trial using the same approach in HD showed tumor responses in 3/11 patients, two complete and one partial (86) . Thus, evidence from clinical trials for three different EBV-related cancers suggests that adoptive transfer of EBV-specific T cells can mediate tumor regression in humans. These results might be improved upon by more advanced methods of isolating EBV-specific cells from peripheral blood or by adoptive transfer of TILs or genetically engineering of T cells with high affinity TCRs against EBV antigens.
Adoptive T-cell therapy using T cells transduced to express anti-tumor receptors
The potency of TIL therapy can be coupled with the flexibility to specifically target diverse tumor antigens through antigen receptor gene engineering with CARs or TCRs. CARs are constructed of antibody single-chain variable fragments joined with TCR and T-cell costimulatory receptor domains, and they can confer to T cells non-MHC-restricted recognition of cell surface antigens. However, the unique strength of T-cell therapy may be in its ability to target intracellular antigens. TCR genetically engineered T cells can recognize intracellular tumor antigens through MHC-dependent presentation of epitopes generated by antigen processing. The primary limitation of TCR-based antigen recognition is MHC restriction; target cells must have intact antigen processing and presentation and the treatment population must share a MHC allele [e.g. human leukocyte antigen (HLA)-A2] (87). Nevertheless, TCR gene engineering permits targeting of a host of antigens that cannot be accessed by other means, and this added reach may be crucial to the increased application of cellular therapies (88) .
CARs in clinical trials
CARs against wide-ranging tumor antigens have been tested in recent clinical trials, and the results of these studies have greatly expanded our understanding of the biology of these treatments and the important qualities of therapeutic targets for cellular therapies. Most of these trials have targeted overexpressed antigens, non-mutated self-proteins expressed more highly in malignant than normal tissues. Cell therapy against these antigens seeks to exploit a theoretical therapeutic window in which, due greater target expression by tumor, tumor regression might occur in the absence of intolerable autoimmune toxicities. One attractive antigen to target with this approach is carbonic anhydrase IX (CAIX). CAIX is strongly expressed in renal cell carcinoma (89) (90) (91) . However, it is also present in normal tissues including liver, small intestine, and gastric mucosa (89) (90) (91) . A study in which patients with metastatic renal cell carcinoma were given cycles of five daily, escalating doses of T cells transduced to express an anti-CAIX CAR was performed (92) . Cells were administered without patient conditioning but with adjuvant subcutaneous interleukin-2. After four to five infusions, liver enzyme elevations occurred in all of the first three patients. This liver toxicity required cessation of treatment or reduction in cell dose for all patients, and one patient required corticosteroids. A liver biopsy from the first treated patient showed cholangitis with T-cell infiltration around the bile ducts, and CAIX expression by bile duct epithelial cells suggesting a T-cell mediated cholangitis likely caused by the transferred cells. An additional cohort of five patients was treated in a 3 9 3 phase I dose-escalation study design starting at 1 9 10 8 CAR T cells per dose. Two of these patients developed grade 3 liver enzyme abnormalities that required cessation of therapy and administration of corticosteroids (93) . Biopsies from these patients again showed T-cell infiltration around bile ducts and CAIX expression by bile duct epithelial cells. None of the eight patients treated with CAR-transduced cells experienced tumor regression. A third cohort of patients was pretreated with anti-CAIX antibodies that block CAR-CAIX interactions. These patients did not experience hepatic adverse events (or tumor regression) providing additional evidence for direct, CAIX-specific, T-cell-mediated liver injury in the first two cohorts. Thus, targeting of CAIX with a CAR-expressing T cells resulted in CAR-mediated autoimmunity against normal tissues expressing the targeted antigen but did not cause tumor regression. CAR T cells have also been tested in a clinical trial for cancers with amplification of the ERBB2 gene. ERBB2 encodes the receptor tyrosine-protein kinase erbB-2 (ERBB2) protein, an epidermal growth factor receptor family member over expressed in common malignancies including subsets of breast, colon, ovarian, gastric, and kidney cancers, and melanoma. Trastuzumab, a monoclonal antibody against the extracellular domain of ERBB2 has clinical activity (alone or in combination with other agents) in metastatic breast cancers that overexpress the protein. However, cardiac and gastrointestinal toxicities occur with the drug, and ERBB2 is expressed by normal tissues including heart, lung, gastrointestinal tract, and kidney. A CAR with the single-chain Fv fragment from the trastuzumab antibody was created, and T cells transduced to express this receptor were used to treat a single patient with metastatic colon cancer (94) . Following cell infusion, the patient rapidly developed respiratory distress and hemodynamic instability requiring intensive care unit admission, mechanical ventilation, and vasopressors, as well as corticosteroids to suppress the transferred cells. Elevated levels of interferon-c, granulocyte macrophage-colony stimulating factor, tumor necrosis factor-a (TNF-a), IL-6, and IL-10 were detected in her serum 4 h after cell administration. The patient died 5 days after treatment, apparently from the sequelae of cytokine release syndrome. On postmortem examination, the highest levels of CAR-transduced T cells were detected in her lungs and abdominal and mediastinal lymph nodes (higher than in tumor deposits). Given the presence of ERBB2 and anti-ERBB2 CAR cells in the lungs and the elevated cytokine levels shortly after cell infusion, it is possible that the CAR-transduced T cells were activated by target antigen in the lungs triggering cytokine release syndrome. Important lessons can be taken from this single patient experience. First, some antigens that are safely targeted with antibodies may not be suitable for targeting with the more potent platform of adoptive T-cell transfer. Second, targeting of self-antigens with highly active CARs should be approached with a dose-escalation trial design. And finally, considered in combination with the results of CAIX-directed CAR-based treatment, targeting of antigens expressed by vital normal tissues must be approached with great caution.
The greatest experience and most promising results from gene therapy with CARs have been with CD19-based targeting of B-cell malignancies. CD19 is a B-lineage surface antigen that is expressed by certain lymphoid cancers as well as normal mature B cells, B-cell precursors, and plasma cells. Targeting of the B-cell surface antigen CD20 has been a successful strategy for antibody-based treatment of non-Hodgkin's lymphoma and chronic lymphocytic leukemia. B-cell depletion resulting from these treatments increases the risk of certain infections but is generally well-tolerated. The first patient with a B-cell malignancy successfully treated using an anti-CD19 CAR was reported by Kochenderfer et al. (95) . This patient with extensive lymphoma received two treatments and has an ongoing response 4 years later. In expanded experience with this protocol, six of eight patients with B-cell lymphoma or chronic lymphocytic leukemia (CLL) experienced clinical responses, one a complete response (95, 96) . At the time of publication, three partial responses were ongoing with 7 to 18 months follow-up, and the complete response was ongoing with 15 months of follow-up. Patients experienced prolonged B-cell depletion but the more difficult to manage toxicities were related to elevated serum cytokine levels and included hypotension, fevers, fatigue, renal failure, and obtundation. These toxicities were transient but required protocol amendments discontinuing adjuvant interleukin-2 and reducing the cell dose. Others have also observed tumor regression and cytokine-related toxicities following administration ofanti-CD19 CARs. Kalos et al. (97, 98) reported treatment of three patients with CLL; all experienced objective tumor responses, and two were complete and ongoing at 10 and 11 months. Elevated serum cytokine levels and a febrile syndrome associated with dyspnea or hypotension was noted in two patients. One patient developed fevers, constitutional symptoms, and cardiac dysfunction requiring corticosteroid administration. All of these toxicities resolved over time. CARs against CD19 may also have activity in adult and pediatric acute lymphoblastic leukemia (ALL). In one study of adult ALL, two patients with bone marrow blasts and two with minimal residual disease (MRD) were treated with infusion of T cells transduced with an anti-CD19 CAR; all experienced MRD À status and went on to allo-HSCT (99).
Elevated cytokine levels and cytokine-related toxicities were noted consistently, and two patients developed relative hypotension and mental status changes requiring high-dose corticosteroids. Two pediatric patients with ALL were also treated with CD19-CAR therapy (100). Complete disease remission occurred in both patients. One response was ongoing after 11 months. However, the other lasted only 2 months and was associated with recurrence of CD19-negative disease. Both patients experienced B-cell aplasia and cytokine release syndrome; one required cytokine blockade with etanercept (anti-TNF-a) and tocilizumab (anti-IL-6) to reverse the cytokine-related toxicities. Thus, in early clinical studies, T-cell therapy with anti-CD19 CARs appears to have robust clinical activity against a variety of B-cell malignancies. Treatment is associated with transient but frequently severe adverse events related to elevated serum cytokine levels. However, given the significant morbidity and mortality of alternative treatments -including allogeneic HSCT -and of refractory lymphoma/leukemia, these transient toxicities may be justified, particularly in the setting of more aggressive cancers (i.e. diffuse large B-cell lymphoma).
Other cell surface antigens might be targeted with CAR therapy, but few are specific to tumors. Mesothelin is a cell surface glycoprotein that is highly expressed by mesothelioma and pancreatic and ovarian cancers (101, 102) . It is also present in mesothelial cells of the pleura, pericardium, and peritoneum, as well as the basal cells of the trachea, tonsil epithelium, and Fallopian tubes (101) . However, it is absent from the parenchyma of vital organs including heart, liver, lung, kidney, and nervous tissue (101) . Mesothelin has been targeted with the SSP1 immunotoxin, which was well-tolerated and dose-limited only by pleuritic chest pain (101) . A CAR based on the SS1 antibody is presently being studied in a phase I clinical trial with careful dose escalation in the Surgery Branch, NCI.
Another cell surface antigen that is a particularly attractive target is epidermal growth factor variant III (EGFRvIII). EGFR is a transmembrane tyrosine kinase receptor that when activated signals to promote cell proliferation, invasion, motility, and adhesion (103, 104) . EGFR overexpression results in unregulated cell growth and malignant transformation and is implicated in the progression of various malignancies. The most common EGFR mutant is EGFRvIII, which contains an in-frame deletion of exons 2-7 resulting in a constitutively activated signaling protein (105) . EGFRvIII appears to be absent from normal tissues but expressed by certain cancers including 24-67% of glioblastomas and 42% of head and neck squamous cell carcinomas (106-108). There continues to be strong interest in targeting B-lineage malignancies with CARs against lineage-specific antigens. Haso et al. (110) have reported CD22 to be consistently expressed by B-lineage cells and precursor B-cell ALL, and they have assembled a CAR against this target for clinical testing. Carpenter et al. (111) have identified B-cell maturation antigen (BCMA) as a protein specific to plasma cells and multiple myeloma cells. Interestingly, by PCRbased testing this antigen appeared to be expressed by important normal organs particularly in the gastrointestinal tract (111). However, careful immunohistochemistry studies revealed that expression in these organs is isolated to plasma cells and plasmacytoid cells and not gastrointestinal epithelium (111) . A CAR against BCMA has been constructed and a phase I clinical trial is planned. No cell surface antigen that is specific for malignant rather than normal B-lineage cells has been reported. However, certain cancer testis antigens (e.g. MAGEB2, MAGEA1, MAGEC1, SSX1, SSX2, and CTAG1B) appear to be expressed specifically by malignant cells and may be valuable targets for TCR gene therapy, particularly for multiple myeloma (112) .
TCRs in clinical trials
The first report of tumor regression following administration of autologous T cells genetically engineered to express a receptor against a tumor antigen described the treatment of metastatic melanoma using a TCR against MART1 (113) . Two of 15 patients experienced objective tumor responses, and both of these patients also displayed high-level engraftment of engineered T cells. Notably, none of the patients receiving these genetically engineered T cells developed autoimmune toxicities. However, detailed characterization of the TCR used in this trial, which was isolated from the TILs of a patient who had a tumor response to TIL therapy, revealed that it possessed intermediate affinity for its target epitope (MART1 [27] [28] [29] [30] [31] [32] [33] [34] [35] ) compared with a panel of other TCRs against the same peptide (one of which was isolated from the same patient's TIL). A second-generation TCR with greater affinity for MART1 [27] [28] [29] [30] [31] [32] [33] [34] [35] was tested in a subsequent clinical trial (44) . Six of twenty patients experienced partial tumor responses, three of which were ongoing at 16 or 17 months after treatment. Tumor regression occurred at diverse sites of disease including lung and brain. However, patients also displayed autoimmune T-cell-mediated destruction of normal melanocytes resulting in transient tox-icities to skin, eyes, and ears. Sixteen of 20 patients manifested a skin rash, uveitis, hearing loss, or a combination of these adverse events. Similar clinical results were obtained with TCR gene therapy targeting another MDA, gp100 (44) . A TCR against gp100 154-162 was generated from a HLA-A2 transgenic mouse. The human epitope (KTWGQYWQVL) differs from the mouse epitope (KTWGKYWQVL) by a single amino acid. Therefore, central tolerance mechanisms do not limit the avidity of murine T cells against this target. A high-affinity murine TCR was identified and tested in a clinical trial for metastatic melanoma. Three of 16 patients demonstrated tumor responses, one a complete response that was ongoing after 14 months. Sites of responding tumors included lung, brain, liver, spleen, and lymph nodes. Skin, eye, or ear toxicity -although mostly grade 1/2, transient, and responsive to local steroid therapies -occurred in 15/ 16 patients. The results of this series of clinical trials targeting the MDAs MART1 or gp100 illustrates the ability of TCR genetically engineered T cells to mediate tumor regression in humans. Furthermore, they demonstrate the capacity of transferred cells to traffic to widespread sites of target antigen and to mediate cytolysis of these cells. Finally, consistent with the findings of a mouse model, they show that adoptively transferred T cells against self-antigens can mediate autoimmunity as well as tumor regression and that autoimmune injury to rare but important populations of cells (i.e. melanocytes in the eyes and inner ears) can cause significant toxicities (114, 115) .
Another tissue differentiation antigen than has been targeted with TCR gene therapy is carcinoembryonic antigen (CEA). CEA is an attractive therapeutic target because of its consistent and high levels of expression by epithelial cancers, most notably colorectal adenocarcinoma (116) . It is expressed by normal epithelial cells throughout the gastrointestinal tract, but autoimmune toxicities have not been observed in clinical trials of antibodies or vaccines against this antigen (117) (118) (119) . A TCR against CEA was generated by immunizing HLA-A2 transgenic mice with CEA 691-699 . The affinity of this receptor was further enhanced by a single amino acid substitution in the CDR3a (120, 121) . Three patients were treated with small numbers of cells (2-4 9 10 8 ) (122) . All three patient developed transient but dose-limiting colitis. One patient demonstrated a partial tumor response. The results of this trial again illustrate the potency of TCR gene therapy and its ability to break immunological tolerance to mediate autoimmunity that does not occur with weaker therapies such as cancer vaccines and antibodies. The objective tumor regression in a patient with colorectal cancer suggests that epithelial malignancies may be susceptible to T-cell-based approaches. However, the dose-limiting T-cell-mediated autoimmunity incurred by targeting a tissue differentiation antigen that is present in normal tissues again points to the importance of identifying targets with expression restricted to tumors or possibly to tumors and non-essential normal tissues.
One family of antigens with restricted tissue expression is the cancer-testis (CT) antigens. These proteins are expressed predominantly by germ cells rather than other normal adult tissues. They are, however, also expressed in a significant subset of certain malignancies. Germ cells are protected from TCR-based T-cell recognition by the absence of MHC molecules. Hence, in T-cell therapy certain CT antigens can function as tumor specific proteins. Based on their tissue restriction patterns, CT antigens can be classified as testis-restricted, testis/ brain-restricted, or testis-selective. Testis/brain-restricted CT antigens are not viable targets for ACT because of their expression in the brain. However, testis-restricted and some testisselective CT antigens potentially can be targeted. The testisrestricted CT antigen, NY-ESO-1, is expressed by a subset of certain malignancies including melanoma, synovial sarcoma, non-small cell lung cancer, cholangiocarcinoma, and breast cancer (112) . A TCR against NY-ESO-1 157-165 was generated and dual amino acid substitutions in the CDR3a chain made to enhance affinity (121) . Patients with metastatic melanoma or synovial cell sarcoma were treated with adoptively transferred cells expressing this TCR (123) . Five of 11 patients with melanoma displayed objective tumor responses, two of which were complete and ongoing at 20 and 22 months after treatment. Four of six patients with synovial cell sarcoma also experienced tumor regression (all partial responses). No autoimmune toxicities occurred. This experience demonstrates the potential for ACT targeting a CT antigen to mediate tumor regression without inducing autoimmune toxicities to normal tissues.
Seeking to expand on the success of TCR gene therapy against NY-ESO-1, researchers have targeted another CT antigen, MAGEA3. MAGEA3 is a testis-selective CT antigen that is expressed in a variety of cancers and has been targeted with therapeutic cancer vaccines without clear clinical benefit or autoimmune toxicities (112, 124, 125) . A high affinity TCR against MAGEA3 [112] [113] [114] [115] [116] [117] [118] [119] [120] was generated by peptide vaccination of an HLA-A2 transgenic mouse (126) . Five of nine patients receiving autologous T cells transduced to express this receptor experienced tumor responses; two were ongoing after more than 12 months (one a complete response). However, four patients manifested severe neurological toxicities. Extensive studies of TCR cross-reactivity revealed recognition of a non-identical HLA-A2-restricted epitope present in MAGEA12. The combined analysis of real-time quantitative-polymerase chain reaction, NanoString quantitation, and deep-sequencing indicated that MAGE-A12 (and possibly MAGEA9, which shares the targeted epitope with MAGEA3) were in normal brain tissue. This cross-reactivity against a non-identical epitope with low levels of expression in vital normal tissues suggests two potential hazards to consider in TCR gene therapy. First, targeting of epigenetically regulated human gene products, such as cancer testis antigens or lineage-specific antigens, leaves open the possibility of unexpected target expression by normal tissues. Therefore, in assessing potential targets sensitive techniques should be used to test for expression by vital normal tissues. The significance of low levels of expression may be difficult to interpret but should be viewed cautiously. Second, generation of TCRs generated in HLA-A2-transgeneic mice have not been selected in the thymus against the full repertoire of normal human proteins. Therefore, these TCRs can have high affinity for normal human proteins, and unintended cross-reactivity can occur. These receptors should be assessed for cross-reactivity, and their clinical testing should be approached cautiously.
The problem of potential cross-reactivity of TCRs isolated from T cells that were not subjected to thymic selection in a human is illustrated by second trial targeting MAGEA3 (127, 128) . This trial used an affinity-enhanced human TCR with four amino acid substitutions in CDR2a to target a HLA-A1-restricted epitope of MAGEA3. Two patients, one with melanoma and the other with multiple myeloma, received autologous T cells transduced to express the anti-MAGEA3 TCR. Both experienced fatal cardiac toxicity associated with myocardial T-cell infiltration and elevated levels of genetically engineered cells in myocardial tissue. Additional studies revealed recognition of beating cardiac myocytes by the affinity-enhanced anti-MAGEA3 TCR but not by the parental TCR. Furthermore, normal resting cardiac myocytes were not recognized by the affinity-enhanced TCR suggesting that expression of the target protein is context-dependent. Further studies revealed cross-reactivity of the MAGEA3 TCR against an epitope of titin, a striated musclespecific protein expressed by actively beating rather than resting cardiac myocytes (127, 128) . These findings demonstrate again the potential for unexpected, avid recognition of self-antigens by TCRs that were not subjected to thymic selection in humans. This cross-reactivity can be against apparently unrelated proteins, and expression of these proteins can be turned on and off making detection more difficult. Therefore, as with TCRs isolated from mice, receptors that have undergone CDR manipulations may have an increased risk of cross-reactivity and should be tested for recognition of unintended targets prior to initiating clinical trials.
Increasing T-cell potency
Identification of antigens that are restricted to tumors/nonessential tissues and isolation of highly avid and specific receptors against these targets is important for ongoing advances in adoptive immunotherapy. New discoveries that might increase the potency of therapeutic T cells are of limited utility in settings where the strength of the treatment is constrained by toxicities to normal tissues. Several ways to increase the proliferative potential and therapeutic efficacy of T cells for adoptive immunotherapy have been elucidated in animal models. One crucial finding is that the T-cell subset from which effector CD8 + T cells are derived influences their fate following infusion into host animals. Effector cells generated from effector memory (Tem) cells rapidly perish following infusion into macaques (129) . In contrast, those generated from the central memory (Tcm) pool are capable of long-term persistence and prolonged function (129) . Extending these findings, in a murine tumor model T cells derived from naive (Tn) rather than Tcm precursors display greater proliferative potential and cytokine responses as well as enhanced ability to mediate tumor regression (130) . That effector CD8 + T cells generated from Tn rather than Tcm or Tem cells might be more effective for ACT is also suggested by a study of human T cells in which Tn-derived cells displayed higher expression of CD27 and longer telomeres, traits positively associated with tumor responses in studies of patients receiving TILs for metastatic melanoma (as discussed above) (37) . Another T-cell subset of interest in adoptive immunotherapy is the memory stem T cell (Tscm) (36) . In mouse models, these antigen-experienced cells have greater replicative capacity and anti-tumor efficacy than traditional memory T-cell subsets (36, 131) . A final manner of generating more effective cells for ACT may be to induce their differentiation into functionally distinct T-cell subsets using polarizing cytokines. Type 17 T cells are distinguished by their expression of the transcriptional regulator retinoic acidrelated orphan receptor c thymus and by production of IL-17A and IL-17F. Both CD4 + and CD8 + T cells induced to differentiate into type 17 cells demonstrate enhanced capacity to mediate tumor regression in a mouse model of ACT (132, 133) . Insights into the role of inducible costimulator and other signals in the polarization of human T cells to a type 17 phenotype is bringing these potentially highly effective cells closer to clinical application (134) . Thus, an increased appreciation of the influence of T-cell ontogeny and subset plasticity is opening the way to more effective therapies. However, clinical model systems in which to test these principles are evolving more slowly, limited largely by the few targets with tumor-restricted expression and by the challenges in isolating high affinity receptors against these antigens.
Conclusions
ACT is a potent treatment platform capable of inducing complete, durable regression of widespread, chemotherapy refractory cancers. The greatest experience in solid tumors is with metastatic melanoma, where it increasingly appears that the primary target antigens are mutated gene products. Efforts to extend TIL therapy to other types of cancers are ongoing and may be facilitated by new technologies that permit rapid identification of candidate mutational epitopes and expedient isolation of T cells against these targets. Advances in gene transfer techniques have opened the way to targeting any tumor antigen for which an antibody or TCR gene sequence can be identified. In clinical trials, T cells engineered to express high affinity antigen receptors based on these antibodies or TCRs demonstrate the capacity to localize to essentially any site of antigen expression and mediate destruction of target tissues -both tumor and normal cells. The strength of this antigen targeting exceeds that observed with cancer vaccines and antibodies and has revealed autoimmune consequences of targeting self-antigens that have not been seen with weaker approaches. However, with carefully selected targets such as CD19 and NY-ESO-1 diverse types of cancer can be treated with this approach and the early results of small clinical trials are encouraging. In an era of many marginally effective cancer treatments, ACT is emerging as a potent treatment modality with increasingly broad application.
